Purpose: To determine the differential gene expression between oral squamous cell carcinoma (OSCC) with and without metastasis to cervical lymph nodes and to assess prediction of nodal metastasis by using molecular features.
Introduction
In oral cancer, as with other head and neck squamous cell carcinomas, metastasis occurs first in the cervical lymph nodes and is an important predictor of poor prognosis (1, 2) . One of the impediments to the effective management of oral squamous cell carcinoma (OSCC) is that for patients with stage I/II disease (nonmetastatic), our only means for predicting risk for cervical lymph node spread is tumor size and location. Overall, the metastatic potential is 30% or greater for oral tumors of T2 to T4 staging (3, 4) . The rate of metastatic potential can vary according to the site of a particular tumor within the oral cavity (5, 6) . Thus, the management of the patient without clinically apparent neck nodal metastasis (the so-called N0 neck) can range from close observation with clinical and radiographic examinations (patients with T1 tumors) to surgery or radiation to the neck (T2-T4 tumors). For this reason, accurate risk stratification is of paramount importance to either avoid the potential morbidity of overtreatment or prevent further progression of disease.
Recent evidence has suggested that the process of metastasis may be associated with specific pattern of genetic changes within a tumor that enables certain cells to invade surrounding tissue and/or travel to and seed in regional or distant locations (7, 8) . Furthermore, our previous work has shown that gene expression changes seen in tumor cells from metastatic lymph nodes could be detected in the primary site as well (9) . In an effort to identify genes whose expression change is associated with nodal metastasis, we assessed the genome-wide differential expression of metastatic versus nonmetastatic OSCC. We then evaluated our top candidate genes for their ability to detect occult nodal metastasis among clinically node-negative OSCCs. We also explored whether gene expression profiles found to distinguish OSCC with or without nodal metastasis were associated with a difference in survival.
Materials and Methods

Study population
We identified English-speaking patients 18 year or older with a first, primary OSCC or dysplasia between December 16, 2003 , and April 17, 2007 , at any of 3 University of Washington-affiliated hospitals as previously described (10) . The RNA was isolated and hybridized onto Affymetrix HG-U133 Plus 2.0 arrays as previously described (10) . Of 187 recruited subjects, we had quality-controlled array results for 167 subjects. The DNA was typed for human papillomavirus (HPV) as previously described (11) . Normalization and filtering of gene expression data were done as previously described (10), after which approximately 25,000 probe sets remained for differential expression analyses.
Determining differential gene expression associated with nodal metastasis
Among the 167 OSCC cases with gene expression data, nodal metastasis cases were defined as those OSCC patients with pathologically confirmed nodal metastasis (n ¼ 73). Nonmetastatic cases were OSCC patients who either (i) presented without clinical evidence of nodal metastasis [as determined by physical examination and computer tomographic (CT) scans AE positron emission tomography (PET)] or (ii) if pathologic nodal status was unknown (only for T1 tumors), patients had to be free of nodal metastasis for at least 18 months from diagnosis and not have received radiation or chemotherapy to the neck nodes (n ¼ 40). To determine the association between OSCC nodal status and gene expression, we utilized a regressionbased analysis implemented by GenePlus software adjusting also for tumor size (T1-T4) and HPV status (negative/ low risk vs. high risk; ref. 12) . For this comparison, we used the number of false discovery (NFD) 1 or less as the type I error selection criterion (13) .
Prediction modeling
To build a gene expression prediction model for metastatic OSCC, we performed stepwise logistic regression on the basis of the probe sets differentially expressed between OSCC cases with nodal metastases versus those without, using SAS version 9.2. For the stepwise regression, the significance level for entrance and exit was set at 0.01 and 0.05, respectively. We performed a jackknife leaveone-out analysis to quantify the ability of the model to predict nodal metastasis, which attempts to reduce the overoptimism of receiver operating characteristics (ROC) and area under the curve (AUC) estimates by using the same data to both estimate and assess the predictive ability of risk scores (14) . Coefficient estimates for the risk model were obtained after excluding 1 subject, and the resulting risk model was used to generate a risk score by using the excluded subject's gene expression and/or stage characteristics. This process was repeated until risk scores were assigned to each subject. ROC and AUC estimates were calculated for these jackknife risk scores.
Comparing prediction of occult metastasis by tumor size versus gene expression models
We identified a subset of cases with occult nodal metastasis (as determined by physical examination and imaging studies) to determine how gene expression compared with tumor size as the main criteria by which to predict nodal metastasis (n ¼ 20). Occult metastatic disease was determined by the presence of pathologic lymph nodes following a prophylactic lymphadenectomy in patients deemed to be clinically node negative at presentation by physical examination and CT scan. Nonmetastatic cases were used as the comparison group (n ¼ 40). Risk scores were generated using a jackknife leave-one-out analysis for the gene expression model, and 2 other models, one based on tumor size alone and another combining gene expression with tumor size. For each model, we constructed ROC curves and calculated AUC to quantify the ability of each model to predict occult metastasis. One thousand bootstrap samples were generated to estimate standard errors and 95% CIs for AUC estimates and to obtain P values for testing the null hypothesis that specific gene expression values do not add to the ability of tumor size to predict occult metastasis.
Survival analysis
To determine whether the probe sets found to distinguish OSCC cases with and without nodal metastases were
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also associated with survival, we analyzed expression array results for the subset of the 167 OSCC patients (n ¼ 150) with at least 4 months of follow-up time. The requirement for our study participants to have at least 4 months followup refers to the starting point at which we began to capture events. This was done because we did not want to include any events until participants had completed treatment to avoid capturing deaths from patients who died because of comorbidities rather than tumor biology. Follow-up time for analyses of survival for the 150 OSCC cases was calculated from the date of surgery to the date of death, loss to follow-up, or April 30, 2007, whichever came first, according to the Kaplan-Meier method. The Cox proportional hazards regression model was used to estimate overall and OSCC-specific survival associations with gene expression, age, sex (male vs. female), and tumor size (T1-T4). These statistical analyses were conducted using STATA software version 10.
Validation of expression array results by quantitative RT-PCR
We performed validation testing by reverse transcriptase PCR (RT-PCR) for CTONG2002744 [EST uc001pfj.1, UCSC (University of California, Santa Cruz, CA) build Human Mar. 2006 (hg18)], FBX032, MYO5A, and RNF145. To determine the correlation between Affymetrix expression data and quantitative RT-PCR (qRT-PCR), we assessed the correlation between these 2 platforms for all 4 genes. We obtained a scatterplot, a simple correlation, and a linear regression adjusted for nodal metastasis status in a random set of 30 samples (from the training set) from which we chose to retest the expression of the 4 probe sets via qRT-PCR. By this adjusted linear regression, we obtained a P value for the association between Affymetrix expression values and qRT-PCR (the scatterplot results are shown in Supplementary Fig. S1 ). To obtain a testing set for independent validation, we then applied the same eligibility criteria as described earlier to identify the eligible cases who had been recruited from the beginning of the study until March 31, 2009. We used the RT-PCR data from this subset of subjects to estimate the statistical power to detect a difference in mean expression between this independent cohort of metastasis (n ¼ 31) and nonmetastatic (n ¼ 13) cases that would provide a full validation of the Affymetrix platform. Total RNA from these samples was processed in the same fashion as those in the training set. For CTONG2002744, primers were designed using online primer design software (http://www.ncbi.nlm.nih.gov/tools/ primer-blast). To confirm target specificity of the primers, 3 samples were sequenced and confirmed against sequences identified in the UCSC Genome Browser, National Center for Biotechnology Information (NCBI), and Affymetrix NetAffx databases. The primer sequences 5 0 -ATGCCCTC-CACATGAATCAG-3 0 and 5 0 -TTCCTTCTGCATCTGTCCAA-3 0 amplified a 215-bp amplicon. For FBXO32, MYO5A, RNF145, and the reference gene ACTB, bioinformatically validated QuantiTect primers (Qiagen) were used. The FBOX32 primers amplified a 106-bp amplicon spanning exons 8 and 9. The MYO5A primers amplified a 74-bp amplicon spanning exons 9 and 10. The RNF145 primers amplified a 148-bp amplicon spanning exons 3, 4, and 5. The BACT primers amplified a 146-bp amplicon spanning exons 3 and 4. Each sample was assayed in triplicate in 10 mL reactions, using the QuantiTect Reverse Transcription Kit and the QuantiTect SYBR Green RT-PCR Kit (Qiagen). All samples were run on a 7900HT Sequence Detection system (ABI). The cycling conditions were as follows: (i) RT reaction with a 2-minute incubation at 42 C, 2 minutes on ice, 30-minute incubation at 42 C, and 3 minutes at 95 C; and (ii) cDNA amplification-95 C for 15 minutes, followed by 40 cycles of 15 seconds at 94 C, 30 seconds at 55 C, and 30 seconds at 72 C. Ten-point standard curves were generated using Total RNA-Human Normal Tissue-Tongue (Biochain Institute, Inc.) for the 4 test genes and Universal Human Reference RNA (Stratagene) for ACTB. The linear correlation coefficient (R 2 ) was 0.99 or greater for all runs. The mean C t (cycle threshold) values were calculated from the triplicate C t values. Samples with standard deviation of the C t values greater than 0.3 in the triplicate test were repeated. Mean C t values were further adjusted in relation to the mean C t value of the ACTB gene. For each probe set, we calculated the difference between the mean C t value of the probe set and the mean C t value of the ACTB reference gene. This represented the DC t value for each probe set. Given that lower C t values pertain to higher expression for any given cDNA, we multiplied the DC t value by "À1" so that a higher "transformed" value correlated with higher expression values. Differences in "transformed" C t values between metastatic versus nonmetastatic cases were calculated using a 2-tailed t-test of unequal variance in Microsoft Office Excel 2007.
Results
Associations with nodal metastasis
The selected characteristics of OSCC cases with and without nodal metastases are described in Table 1 . Cases with nodal metastasis had a higher proportion of T2, whereas nonmetastatic cases were more likely to have T1 tumors. About one third of the cases presented with clinically node-negative disease but later were found to have occult metastasis upon prophylactic lymphadenectomy. Cases with and without nodal metastases had a similar age, sex, and HPV DNA distribution (Table 1) . Cases without nodal metastases had a higher proportion of oral cavity versus oropharyngeal tumors than cases with nodal metastases. Since the tissue processed represented a biopsy sample from the patients' tumors with a mixture of tumor cells and stroma, we also examined percentage of tumor content. We had detailed tumor content data for 101 of 113 cases. The proportion of tumor content for metastatic and nonmetastatic cases is presented in Supplementary Table S1, Supplementary Information. Overall, although nonmetastatic cases seem to have more tumors with higher percentage of tumor content (33% have >75% tumor content vs. 15.4% of metastatic cases), nonmetastatic cases also have more tumors with lower tumor content (19.4% have <10% tumor content vs. 9.2% of metastatic cases). The mean for metastatic cases is 46.2% versus 51.2% for nonmetastatic cases. A t test comparing invasive percentage did not reveal a statistically significant difference between these 2 groups (P value for the difference is 0.4038).
Probe sets associated with nodal metastasis
Results from our regression analysis adjusting for tumor size and HPV status identified 5 genes (6 probe sets) that were differentially expressed between nodal metastasis cases and nonmetastatic cases (NFD 1): (i) REEP1 probe set ID 204364_s_at and 204365_s_at; (ii) RNF145; (iii) clone CTONG2002744 probe set ID 225123_at; (iv) MYO5A probe set ID 227761_at; and (v) FBXO32 probe set ID 232573_at. Stepwise regression identified a model with 4 of these probe sets (MYO5A, RFN145, FBXO32, and clone CTONG2002744 as the most predictive of nodal metastasis with an AUC of 0.87 (see Supplementary Table S2 in Supplemental Information for normalized, log-transformed gene expression values for these 4 probe sets).
We evaluated how using expression data for these probe sets compares with the use of tumor size [<2 cm (T1) vs. !2 cm (T2-T4)], a general clinical guideline, to decide prophylactive treatment to cervical lymph nodes for OSCC patients with clinically node-negative disease. Among the 113 OSCC cases used to determine the differential expression in nodal metastasis, 61 patients presented with clinically node-negative OSCC. Two of these subjects did not have imaging data. One of 61 patients had unknown clinical T staging. Of the remaining 58 patients, 49 had tumors greater than 2 cm as measured by clinical examination and all had a prophylactive neck dissection on this basis. Of these, 18 had occult metastatic nodes as determined pathologically. The sensitivity and specificity of clinical tumor stage (T1 vs. T2-T4) to predict occult nodal metastasis were 94.7% (18/19) and 20.5% (i.e., only 8 of 39 would be correctly diagnosed and 31 would have been misdiagnosed), respectively. Only 37% (18/49) of all cervical lymphadenectomies performed showed positive lymph nodes. To compare clinical criteria with gene expression in diagnosing occult metastasis, we compared the scores from the 4-gene signature model with those of a model using tumor size alone in our cohort of patients with clinically node-negative OSCC. A significantly higher AUC was observed for the 4-gene signature model than for a model using tumor size alone (AUC ¼ 0.85 vs. 0.61, respectively, P < 0.011; Fig. 1) . From this analysis, we determined that if setting a threshold cutoff point so that the sensitivity of the 4-gene signature model is no worse than a model using tumor size alone (i.e., 95%), then the specificity of the 4-gene signature model would be 76.9%. Thus, if applied to our cohort, the 4-gene signature model would have missed 1 of 20 occult metastatic cases, and, in turn, only 9 of 39 node-negative cases would have incorrect node-positive diagnoses.
Survival analysis
The baseline characteristics of the 150 OSCC patients included in the survival analysis were presented previously by M endez and colleagues (Supplementary Table S1 , Supplementary Information; ref. 15 ). The range of follow-up time for patients known to be alive at the end of the study was 10.7 to 38.7 months, with a median of 22.2 months. Forty-one patients had died by the end of the follow-up period; there were 27 OSCC-specific deaths, 10 non-OSCCspecific deaths, and 4 deaths of unknown causes. To test the hypothesis that these 4 probe sets associated with nodal status were associated with survival, we estimated HRs for both overall and OSCC-specific mortality adjusting for age, sex, and tumor size. Results from these analyses are shown in Table 2 . The 4-gene signature model was independently associated with overall and OSCC-specific survival [HR (95% CI) ¼ 1.21 (1.07-1.36) and 1.19 (1.02-1.38) , respectively]. In addition, consistent with the direction of gene expression change associated with metastasis, downregulation of the CTONG2002744 clone and upregulation of the FBXO32 gene were associated with worse overall and OSCC-specific survival.
Validation of expression array results by qRT-PCR
The correlation coefficients for the CTONG2002744 clone, MYO5A, RNF145, and FBXO32 between microarray and qRT-PCR expression data for the 30 samples assayed from the training set were 0.87 (P <0.000; 95% CI: 0.6766082-1.116981), 0.29 (P < 0.475; 95% CI: À0.1958988 to 0.409744), 0.38 (P < 0.005; 95% CI: 0.1227414-0.6184207), and 0.66 (P < 0.000; 95% CI: 0.1546326-0.4521232; see Supplementary Fig. S1 , Supplemental Information). Thus, microarray and qRT-PCR correlation was greater for the CTONG2002744 clone and FBXO32. To validate the finding of differential expression for these markers on an independent cohort of patients, we identified an additional 44 cases, 31 of whom had metastatic versus 13 nonmetastatic OSCC, using the same criteria to identify cases in the training set. We then estimated the power to detect a difference in mean expression between metastatic versus nonmetastatic cases that would provide a full validation of the Affymetrix platform. Eighty percent power (at a ¼ 0.05) Figure 1 . ROC analysis comparing the prediction of occult metastasis for tumor stage and gene expression data. was possible only for CTONG2002744 and thus only this transcript was assayed by RT-PCR on this 44-sample set (see Supplementary Table S3 , Supplemental Information). The mean 1/C t value for this transcript in the metastatic versus nonmetastatic cases was 2.08 versus 3.79, respectively (P ¼ 0.0004; see Supplementary Table S4 , Supplemental Information).
Discussion
To date, options to determine which patients with stage I/II OSCC (i.e., nonmetastatic) harbor occult metastatic lymph nodes and would thus benefit from a cervical lymphadenectomy are limited. Tumor depth and sentinel lymph node biopsies have been both proposed to address this issue and are under investigation, but there are no genetic biomarkers currently used to help inform clinicians on this clinical scenario. In this study, our goal was to identify biomarkers of metastasis from biopsy samples containing a mixture of both tumor and stroma since (i) there is ample evidence showing the contribution of tumor stroma in the process of carcinogenesis and thus both cell sources could potentially contain informative biomarkers; and (ii) laser capture microdissection or other methods to isolate tumor cells from biopsy samples are not likely to be adopted in clinical practice soon and therefore we wanted our methods to reflect sampling more likely to be done in a clinic setting. We identified 6 probe sets that were associated with OSCC nodal status in a multivariate analysis adjusting for tumor size and HPV status. We also noted that our prediction model based on the expression of MYO5A, RFN145, FBXO32, and cDNA FLJ33813 fis, clone CTONG2002744, had a significantly higher AUC for predicting occult metastasis than tumor size, the current clinical criterion by which to offer a prophylactic lymphadenectomy in node-negative OSCC patients. Moreover, a model combining tumor size and gene expression did not predict occult metastasis better than a model using gene expression alone. Finally, this 4-gene signature model was also predictive of overall and OSCC-specific survival, a finding consistent with the notion that lymph node spread in OSCC is associated with shorter survival. Validation of the mRNA signal with qRT-PCR showed that this finding was not platform dependent for at least the CTONG2002744 clone and FBXO32. In addition, differential downregulation of CTONG2002744 was validated in an independent cohort of 44 OSCC patients. These findings suggest that further studies to examine the functional role of CTONG2002744 in OSCC metastasis are warranted.
Although not much has been published on these probe sets, evidence thus far points to biological relevance for the CTONG2002744 clone and FBXO32. The source of the CTONG2002744 clone is a tongue tumor tissue (http:// www.ncbi.nlm.nih.gov/nuccore/21749430), but there are no published articles on the function of this gene. FBXO32 encodes a member of the F-box protein family which is highly expressed during muscle atrophy. Two studies thus far have linked this gene with cancer. In one study, FBXO32 was found to have a potential tumor suppressor function (16) . Another study showed that FBXO32 (MAFbx) was upregulated in gastrointestinal stromal tumor after treatment with Gleevec (imatinib mesylate) and that its expression was regulated by ERK (extracellular signal regulated kinase)1/2-dependent pathway (17) . A functional role in cancer for the other probe sets that we found to predict nodal metastases has not yet been found. However, it is interesting that the 2 probe sets for which there is a potential functional role in cancer are also the 2 probe sets with significant associations not only with nodal metastasis but also with OSCC survival (Table 2) .
Comparing gene expression models with tumor size criteria showed that gene expression was a better predictor of nodal metastasis even in metastatic cases who were clinically labeled as node negative. To depict a more realistic clinical scenario for which this 4-gene signature would be used, we decided to test performance of the model in correctly diagnosing occult nodal metastasis in a subset of patients who presented with clinically node-negative OSCC. In this case, the 4-gene signature model would have missed 1 of 20 occult metastatic cases (i.e., no worse than tumor size criteria), and, in turn, only 9 of 39, as opposed to 31 of 39 node-negative cases, would have incorrect node-positive diagnoses by the current guideline based on tumor size of 2 cm or greater (T2-T4). Thus, assuming that a 4-gene signature score cutoff that does not miss any more occult metastatic cases than tumor size alone and that these results validate in independent data sets of bigger samples sizes, the most notable improvement of using gene expression data is realized in the higher specificity it affords over current clinical guidelines.
We acknowledge the potential for overoptimistic AUC values because the same data set was used to obtain probe sets associated with nodal metastasis and to evaluate the ability of the probe sets to predict nodal metastasis. An attempt to correct this overoptimism was done by performing a jackknife leave-one-out validation, but these findings will need to be further validated with independent data sets as they become publicly available. In addition, we validated the differential expression for the CTONG2002744 clone in an independent data set of 44 OSCC patients.
Other gene expression studies have developed profiles associated with head and neck cancer metastasis (18, 19) . There was little or no overlap between these signatures, nor with our 6 probe sets. A recent study by Rickman and colleagues found a 4-gene model of distant metastasis for OSCC (20) . As with the previous studies, there is no overlap between our genes and theirs, but this is most likely due to the fact that the endpoint was different. In fact, "controls" (nonmetastatic cases) in that study included patients who, despite being free of distant metastasis, had late-stage disease due to locoregional tumor burden (including nodal metastasis). The reason for the lack of overlap between all these studies is likely multifactorial, including differences in how metastatic cases were defined, tissue collection protocols, array platforms used, and statistical analyses.
The probe sets presented in this study were selected on the basis of a stringent NFD threshold and after adjustment for potential confounders such as tumor size and HPV status. As more patients are recruited, we will conduct subgroup analysis by site (oral cavity vs. oropharynx) and HPV status to investigate the generalizability of our gene signature and to determine whether the molecular pathways by which tumor cells gain a lymphotropic phenotype are site or HPV specific. Nonetheless, to our knowledge, this is the largest prospective study comparing Nþ versus N0 tumors. We included as nodal metastases only those Nþ cases who were pathologically confirmed and compared them with N0 cases whom had baseline CT scans, pathologic confirmation available for all tumors 2 cm or greater (T2-T4), and at least 18 months follow-up to ensure no occult nodal disease. That only a few genes were found to be differentially expressed is consistent with our previous finding of only one differentially expressed gene (ribosomal protein S13) between Nþ and N0 OSCCs in our previous, smaller study (21) . Thus, given the multiple comparison penalty imposed by high-throughput genome-wide analyses, it may be that the current samples sizes used in these studies do not allow unmasking of more pronounced differential gene expression when comparing phenotypes such as nodal metastasis.
We expected that any probe sets that are truly associated with nodal metastasis might also be associated with disease-specific survival. Testing of this hypothesis on the 150 patient cohort, which included 37 patients not used to determine the probe sets associated with nodal metastasis, showed that, indeed, the 4-gene signature model was predictive of OSCC-specific survival. We noted that the probe sets reported in this study did not overlap with our previously reported survival expression signature for OSCC (15) . This despite the fact that the patients who were classified by gene expression profiling to have a high risk of poor survival in that report had more advanced disease (including nodal tumor burden) than those who were not so classified. However, the probe sets in our survival signature were not significantly associated with nodal metastasis (unpublished data). The main reason for these observations may be that the survival signature was derived from probe sets initially shown to discriminate between OSCC and normal oral epithelium whereas the 4-gene metastasis signature is not. Since all the patients with nodal metastasis receive treatment for it, it is possible that the prognostic significance of our survival signature is not reflective of the extent of nodal involvement but of some other feature, such as treatment responsiveness and local recurrence, in those patients who are associated with a more aggressive phenotype.
It is possible that the prediction of occult metastatic disease using clinical tumor size criterion might have been improved by using both pathologic tumor size and tumor depth. In particular, tumor depth greater than 4 mm has been shown to be an independent predictor of nodal metastasis (22) . However, these 2 measurements are done postoperatively, at which point the decision of whether to offer a prophylactive cervical lymphadenectomy would have already been made. Moreover, comprehensive tumor depth assessment is not routinely done at most centers. Thus, a depth assessment of less than 4 mm at 1 or a few loci does not exclude the possibility that other foci of disease reached this threshold.
In conclusion, we found a 4-gene model predictive of occult metastasis, that this prediction is superior to that afforded by clinical tumor size alone, and that this model is also predictive of disease-specific survival. If validated in larger studies, this 4-gene signature model could be used to improve decision making about prophylactic cervical lymph node treatment in patients with node-negative OSCC.
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